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1. Introduction {#sec0001}
===============

Colorectal cancer (CRC) is the third most common type of cancer and the second most common cause of cancer-related death worldwide [@bib0001]. Tumour metastasis is often the direct reason for the poor prognosis of most patients with CRC \[[@bib0002],[@bib0003]\]. However, the mechanisms underlying CRC incidence and metastasis remain unclear because a multistep cascade of events is stimulated by various risk factors, including age, genetic mutation, inflammation, gut microflora composition, family history and harmful lifestyle habits \[[@bib0004],[@bib0005]\]. Intriguingly, recent studies have shown a significantly higher incidence of CRC in highly developed countries \[[@bib0006],[@bib0007]\]. Therefore, we hypothesized that environmental and lifestyle factors might exert a notably more crucial effect on CRC than previously suspected.

Alcohol consumption is very common in developed countries and has been confirmed to be an important risk factor for CRC, and particularly strong associations have been obtained with chronic and moderate to heavy alcohol intake [@bib0004]. Moreover, increasing numbers of epidemiological studies have revealed that alcohol consumption is also closely related to metastasis in patients with CRC, and this association was identified as the primary reason for the poor outcomes observed in these patients \[[@bib0008],[@bib0009]\]. Due to the difficulty in detecting CRC at an early stage [@bib0010], it was conceivable to conclude that most CRC patients would not change their lifestyles until obvious symptoms and/or signs were detected. Thus, alcohol intake is also considered to play a vital role in accelerating the progression of early CRC.

The International Agency for Research on Cancer (IARC) has declared that ethanol and acetaldehyde are the major carcinogens associated with alcohol intake [@bib0011], [@bib0012], [@bib0013], but the mechanisms underlying the effects of ethanol itself on the development and progression of alcohol-related CRC remain unknown. Interestingly, recent studies on other diseases have revealed that ethanol significantly increases the expression of extracellular TGF-β1, which is a crucial trigger for the activation of TGF-β signalling and plays a vital role in the incidence and metastasis of CRC \[[@bib0014],[@bib0015]\]. Therefore, ethanol itself might play an important role in the tumour metastasis of alcohol-related CRC via TGF-β signalling.

The present study aimed to investigate the effects of alcohol intake on CRC metastasis and the role of ethanol in alcohol-related tumour metastasis. Furthermore, our study might aid the development of novel therapeutic strategies for CRC.

2. Materials and methods {#sec0002}
========================

2.1. Clinical population and tumour tissue samples {#sec0003}
--------------------------------------------------

The clinical data used in this study originated from 200 patients diagnosed with primary CRC between January 2012 and December 2017 by the Department of Pathology at Zhujiang Hospital of Southern Medical University in Guangdong, China. Two hundred healthy controls were randomly selected from the cohort of outpatients. The 45 pairs of CRC tissues with matched normal mucosa that were used for alcohol dehydrogenase 1C (ADH1C), alcohol dehydrogenase 1B (ADH1B), acetaldehyde dehydrogenase 2 (ALDH2), acetaldehyde dehydrogenase 1A1 (ALDH1A1) and acetaldehyde dehydrogenase 1B1 (ALDH1B1) detection were also diagnosed by the Department of Pathology at Zhujiang Hospital. We restricted our analysis to population-based cases that were not selected based on family history. This study was approved by the Ethics Committees of Zhujiang Hospital and Southern Medical University, and all aspects of the study comply with the criteria set by the Declaration of Helsinki. All the CRC patients provided informed consent to participate in this study. The ADH and ALDH expression profiles of the CRC samples, including any relevant clinical information, were identified through a search of the GEO: [GSE87211](ncbi-geo:GSE87211){#interref0003} dataset (*n* = 160).

2.2. Measurement of alcohol intake {#sec0004}
----------------------------------

The alcohol intake was self-reported by participants during the baseline survey conducted in 2017 involving telephone follow-up. The drinking frequency (times/day) was calculated by asking the participants their weekly intake of alcohol during the 12 months before the follow-up (for healthy people) or the CRC diagnosis (for patients). The patients who did not usually drink some alcohol at least once a week were asked to provide their monthly or annual alcohol intake. The participants were further asked questions regarding the types of beverage (beer, grape wine, rice wine, weak spirits with an alcohol content \< 40%, and strong spirits with an alcohol content ≥ 40%), the amount of alcohol consumed in a typical drinking day and the experience of flushing after drinking. The level of alcohol intake was calculated as grams (g) of pure alcohol per week based on the beverage type, amount consumed and frequency, and the following assumptions were used for the alcohol content by volume (v/v) in China: beer, 4%; grape wine, 12%; rice wine, 15%; weak spirits, 38%; and strong spirits, 53% [@bib0016]. According to the overall mean alcohol intake, we defined a patient who had not consumed any alcohol during the 12 months before the follow-up or CRC diagnosis as an "abstainer" and a participant who drank more than 5 g/week (regardless of his/her past drinking patterns) as a "drinker".

2.3. Cell culture and treatment {#sec0005}
-------------------------------

The colorectal normal epithelial cell line FHC (Cat\# CRL-1831, RRID: CVCL_3688) and the cancer cell lines HT29 (Cat\# HCT-38, RRID: CVCL_0320), HCT116 (Cat\# CCL-247, RRID: CVCL_0291), LS174T (Cat\# CL-188, RRID: CVCL_1384), SW480 (Cat\# CCL-228, RRID: CVCL_0546), SW620 (Cat\# CCL-227, RRID: CVCL_0547), and RKO (Cat\# CRL-2577, RRID: CVCL_0504) were obtained from American Type Culture Collection. The normal liver cell line L-O2 (Cat\# CX0157) was obtained from BOSTER (Wuhan, China). All the cells were maintained as previously described and authenticated by short tandem repeat (STR) profiling after receipt. For use in this study, the cells were propagated for less than 6 months after resuscitation. These cells were grown in RPMI 1640 medium (Cat\# A1049101, Thermo Fisher Life Technologies Corporation; Grand Island, NY, USA) supplemented with 10% foetal bovine serum (Cat\# 10091130, Invitrogen, USA). Physiologically relevant concentrations of ethanol (0, 100, and 200 mg/dl, which correspond to 0, 22, and 44 mM, respectively; Cat\# 459844, Sigma, USA) were accurately maintained for 48--72 h as previously indicated [@bib0017]. 4-Methylpyrazole (4-MP, 5 mM; Cat\# HY-B0876, MedChemExpress, Shanghai, China) was used to inhibit the activity of alcohol dehydrogenase. The cells were also treated with pirfenidone (Cat\# HY-B0673, MedChemExpress, Shanghai, China) and a TGF-β/Smad signalling inhibitor (Cat\# SB-431542, Selleck, USA) at the recommended concentration (0.5 mg/ml) for 48--72 h. The RUNX3 vector with a nuclear localization sequence was purchased from GeneChem (Shanghai, China) and transfected using the lipofectamine® 3000 reagent (Cat\# L3000015, Thermo Fisher Scientific, USA).

2.4. Analysis of the blood ethanol concentration {#sec0006}
------------------------------------------------

All Balb/c mice (aged 6 weeks) were treated with ethanol at 6 g/kg (by gavage, 32%, v/v solution). The blood alcohol concentrations were measured five times over 8 h (0.5, 1, 2, 4, and 8 h). For each sampling, 50 µl of whole blood was collected in a heparinized tube and centrifuged at 1800 × *g* for 5 min. The concentration of ethanol in serum was measured using an ethanol assay kit (Cat\# KA4784, Abnova, USA). All experimental operations were performed in accordance with the instructions.

2.5. ADH activity assay {#sec0007}
-----------------------

Total ADH activity was determined through the photometric method using an alcohol dehydrogenase assay kit purchased from Nanjing Jiancheng Bioengineering Institute (Cat\# A083-1--1, Nanjing, China) according to the manufacturer\'s instructions. Briefly, the reaction mixture contained reagent 1 (0.65 ml), reagent 2 (0.05 ml), reagent 3 (0.75 ml) and the cell sample (0.05 ml). A mixture of the probe with ddH~2~o instead of the cell sample was used as a control. The absorbence at 340 nm was measured immediately after mixing (A~1~) and again after 10 min of incubation at 37 °C (A~2~). The activity of ADH was then computed using the following formula:$${\text{ADH}\mspace{6mu}\text{activity}} = \frac{\text{Test}\left( {A_{2} - A_{1}} \right){- \text{Control}}\left( {A_{2} - A_{1}} \right)}{6{.22\mspace{6mu}} \times {\mspace{6mu} 0}{.5}} \times \frac{RV\left( {1.5ml} \right)}{SV\left( {0.05ml} \right)} \div RT\left( 10\min \right) \times \mspace{6mu} 1000 \div PC$$

\[One unit of ADH activity (U/mg prot) was defined as the amount of enzyme that catalyses the production of 1 nmol of products per minute per milligram of protein at 37 °C. RV: reaction volume. SV: sample volume. RT: reaction time. PC: protein concentration (mg/ml).\]

2.6. Orthotopic xenograft colorectal cancer mouse model {#sec0008}
-------------------------------------------------------

The animals were fed the Lieber-DeCarli ethanol liquid diet (ethanol: 40 mg/ml) (Cat\# TP4010A, TROPHIC Animal Feed High-Tech Co. LTD, China) for five days prior to cell injection. CT26 (Cat\# CRL-2639, RRID: CVCL_7254, ATCC, USA) cells were suspended in fresh PBS at a concentration of 1 × 10^6^ cells/50 μl and aspirated using a fine needle. Six-week-old Balb/c mice were anaesthetized and exposed to the caecum by laparotomy. In brief, a 0.5∼1-cm-long small nick was made in the skin, and the abdominal wall musculature was lifted. The abdominal cavity was opened, and the caecum was isolated and covered by warm saline and sterile gauze to keep the caecum moist. The cells (50 µl) were slowly injected into the caecal wall. The needle was carefully removed, and the injection site was inspected to ensure no leakage. The caecum was then returned to the abdominal cavity, and the abdominal wall and skin were closed. Twenty days later, the mouse was sacrificed, and the orthotopic xenograft colorectal cancer masses were measured and harvested for further study. If the tumour mass was invisible, the full intestine was embedded to calculate the maximum tumour size under microscopy.

2.7. Statistical analysis {#sec0009}
-------------------------

The data were analysed using SPSS version 19.0 software (SPSS, Chicago, IL, USA). The clinical data were analysed using nonparametric tests (Wilcoxon and Mann-Whitney). Pearson\'s chi-squared (χ^2^) test, unpaired Student\'s *t*-test and paired *t*-test were used to evaluate the significance of the differences among different groups. All statistical tests were two-sided. The data are presented as the means ± SEMs.

2.8. Additional methods and material {#sec0010}
------------------------------------

All other methods are described in the online supplementary materials and methods.

3. Results {#sec0011}
==========

3.1. Most patients with alcohol-related CRC are characterized by a high circulating ethanol level {#sec0012}
-------------------------------------------------------------------------------------------------

Our retrospective cohort study (*n* = 400, 200 healthy controls and 200 CRC patients) revealed that the proportion of CRC patients who consumed alcohol was significantly higher than that of healthy controls (control *vs* CRC = 42.5% *vs* 60.5%, [Fig. 1](#fig0001){ref-type="fig"}A). Moreover, the frequency (control *vs* CRC = 0.294 ± 0.337 per day *vs* 0.455 ± 0.438 per day, [Fig. 1](#fig0001){ref-type="fig"}B) and quantity (control *vs* CRC = 43.847 g ± 24.370 g *vs* 93.289 g ± 58.640 g) of alcohol intake ([Fig. 1](#fig0001){ref-type="fig"}C) in patients with CRC were notably higher than those in the control subjects, which indicated that frequent and heavy alcohol intake is tightly associated with the incidence of CRC. Our study also found that subjects without flushing syndrome after alcohol intake in both the healthy and CRC groups were more likely to drink and had a higher risk of alcoholism ([Fig. 1](#fig0001){ref-type="fig"}D). It is well known that a lack of flushing syndrome after drinking indicates strong acetaldehyde metabolic ability in the body and low acetaldehyde levels in tissues and the circulation [@bib0018]. Surprisingly, we found that the frequency and quantity of alcohol intake in alcohol-related CRC patients without flushing syndrome were substantially higher than those in the control subjects and patients with flushing syndrome ([Fig. 1](#fig0001){ref-type="fig"}E and F). Accordingly, even with a high alcohol intake, most patients with alcohol-related CRC had low circulating levels of acetaldehyde, and thus, the guts of these patients might have only been exposed to these low acetaldehyde levels. A further *in vivo* study using mice revealed that the extent of circulating ethanol was primarily determined by the amount of alcohol consumed and that its duration was largely determined by the activity of alcohol dehydrogenase (ADH, [Fig. 1](#fig0001){ref-type="fig"}G). Therefore, the exposure of the gut to high circulating levels of ethanol, but not acetaldehyde, after alcohol consumption might contribute to alcohol-related CRC in most patients.Fig. 1The gut of most patients with alcohol-related CRC is exposed to a high circulating level of ethanol. (A) Pearson\'s chi-squared (χ^2^) test was used to analyse the relationship between alcohol intake and risk for CRC. (B) Unpaired Student\'s *t*-test was used to analyse the difference in drinking frequency between drinkers with and without CRC. "D-Normal" indicates drinkers in the normal group, "D-CRC" indicates drinkers with CRC. (C) Unpaired Student\'s *t*-test was used to analyse the difference in the average alcohol intake between drinkers with and without CRC. (D) Pearson\'s chi-squared (χ^2^) test was used to analyse the relationship between drinking and flushing syndrome in the normal and CRC groups. "FS" indicates subjects with flushing, and "nFS" indicates the absence of flushing syndrome. (E) Unpaired Student\'s *t*-test was used to analyse the difference in drinking frequency between drinkers with and without flushing syndrome. (F) Unpaired Student\'s *t*-test was used to analyse the difference in the average alcohol intake between drinkers with and without flushing syndrome. (G) A microplate reader was used to detect the ethanol concentration in mouse blood. \*P \< 0.05 and ^n.s^P \> 0.05 *vs* the control.Fig. 1

3.2. Alcohol intake promotes tumour metastasis in CRC by increasing the circulating ethanol level {#sec0013}
-------------------------------------------------------------------------------------------------

Further study revealed that alcohol intake was tightly associated with tumour metastasis in CRC ([Fig. 2](#fig0002){ref-type="fig"}A). The average amount of alcohol intake in patients with tumour metastasis was significantly higher than that in patients without metastasis (nmCRC *vs* mCRC = 59.845 g ± 32.547 g *vs* 111.070 g ± 61.733 g, [Fig. 2](#fig0002){ref-type="fig"}B), which indicated that a higher alcohol intake promoted CRC metastasis. In addition, a higher proportion of patients without flushing syndrome was obtained in the subgroup of subjects with tumour metastasis compared with the subgroup of patients without metastasis (nmCRC *vs* mCRC = 82.3% *vs* 59.5%, [Fig. 2](#fig0002){ref-type="fig"}C). Moreover, we also found that patients with tumour metastasis and no flushing syndrome consumed a substantially higher amount of alcohol than the other patients ([Fig. 2](#fig0002){ref-type="fig"}D). Thus, most alcohol-related CRC patients with tumour metastasis exhibited a high circulating level of ethanol, but not acetaldehyde, in the gut.Fig. 2Ethanol itself might play a vital role in the incidence and metastasis of most alcohol-related CRC. (A) Pearson\'s chi-squared (χ^2^) test was used to analyse the relationship between alcohol intake and risk of CRC metastasis. "nmCRC" indicates non-metastatic CRC, and "mCRC" indicates metastatic CRC. (B) Unpaired Student\'s *t*-test was used to analyse the difference in the average alcohol intake between patients with and without tumour metastasis. (C) Pearson\'s chi-squared (χ^2^) test was used to analyse the relationship between flushing syndrome and risk of CRC metastasis. "FS" indicates patients with flushing syndrome, and "nFS" indicates the absence of flushing syndrome. (D) Unpaired Student\'s *t*-test was used to analyse the difference in the average alcohol intake between CRC patients with and without flushing syndrome. (E) Orthotopic xenograft colorectal cancer mouse model. (F) ADH1C and ADH1B expression in CRC and normal-matched tissues from our laboratory. The data were normalized to GAPDH and are expressed as the means ± SEMs. (G) ALDH2, ALDH1A1 and ALDH1B1 expression in CRC and normal-matched tissues from our laboratory. The data were normalized to GAPDH and are expressed as the means ± SEMs. (H) ADH1C and ADH1B expression in CRC and normal-matched tissues from the GEO [GSE87211](ncbi-geo:GSE87211){#interref0001} datasets. The data were normalized to GAPDH and are expressed as the means ± SEMs. (I) ALDH2, ALDH1A1 and ALDH1B1 expression in CRC and normal-matched tissues from the GEO [GSE87211](ncbi-geo:GSE87211){#interref0002} datasets. The data were normalized to GAPDH and are expressed as the means ± SEMs.Fig. 2

To confirm the effect of alcohol intake on tumour metastasis in CRC, an *in vivo* study was performed using the Lieber-DeCarli ethanol liquid diet*.* The results revealed that orthotopic xenograft tumours formed in all the mice, but none of the mice in the control group developed liver metastasis ([Fig. 2](#fig0002){ref-type="fig"}A) compared with four out of six mice in the alcohol-treated group ([Fig. 2](#fig0002){ref-type="fig"}B), which indicated that alcohol intake significantly promoted CRC metastasis. Taken together, the results indicated that a high circulating level of ethanol in the gut resulting from alcohol intake significantly promoted tumour metastasis in CRC.

In addition, our study also revealed that the incidence of alcohol-related CRC was associated with sex, which might be due to the prevalence of alcoholism in the male population. Moreover, we found that alcohol intake only significantly increased the risk of right colon cancer. We also found that most patients with alcohol-related CRC had smoking habits, which might also be an important risk factor for CRC [@bib0005] (Supplementary Table 1).

3.3. Ethanol, but not acetaldehyde, might be the crucial factor accounting for the incidence and metastasis of most alcohol-related CRC {#sec0014}
---------------------------------------------------------------------------------------------------------------------------------------

Previous studies have confirmed that the metabolic rates of ethanol and acetaldehyde are primarily determined by the expression of key alcohol dehydrogenases (ADHs) and acetaldehyde dehydrogenases (ALDHs) [@bib0019]. Thus, we further investigated the alterations in the metabolism of alcohol in CRC by detecting the expression of key ADHs (ADH1C and ADH1B) and ALDHs (ALDH2, ALDH1B1 and ALDH1B1) in CRC and matched normal tissues. This analysis revealed that the transcriptional levels of ADH1C and ADH1B were substantially decreased in CRC compared with adjacent normal tissues ([Fig. 1](#fig0001){ref-type="fig"}F). Further study showed significant decreases in the transcriptional levels of ALDH2 and ALDH1A1 and an increased transcriptional level of ALDH1B1 in CRC tissues. However, the absolute difference in the transcriptional level of ALDH2 between CRC and adjacent normal tissues was low (normal *vs* CRC = 0.6893 ± 0.0548 vs 0.6768 ± 0.0540, [Fig. 1](#fig0001){ref-type="fig"}H). Interestingly, ALDH2 is the major enzyme that breaks down most ethanol-derived acetaldehyde, whereas ALDH1A1, as well as ALDH1B1, contributes to acetaldehyde metabolism only if ALDH2 is inactivated [@bib0019]. Thus, no significant changes in acetaldehyde metabolism might be found between CRC and normal tissues. Taken together, our results demonstrate that ethanol, but not acetaldehyde, accumulates more easily in CRC cells than in adjacent normal epithelial cells.

3.4. Ethanol enhances the migration/invasion, motility and homing capacity of CRC cells {#sec0015}
---------------------------------------------------------------------------------------

Our *in vitro* study revealed that the activity of ADH in all six CRC cell lines was notably weaker than that in the normal hepatic cell line L-O2, and particularly weak activity was detected in the SW480 and HCT116 cell lines, which presented up to a 157-fold decrease in activity ([Fig. 3](#fig0003){ref-type="fig"}A). Consistent with the activity of ADH found in the above-mentioned cell lines, we also found that the transcriptional levels of ADH1C and ADH1B were significantly lower in the SW480 and HCT116 cell lines (Supplementary Fig. S1). In addition, 4-MP, a specific inhibitor of the activity of ADH, could not further inhibit the activity of ADH in both the SW480 and HCT116 cell lines, which indicated that both cells lines exhibited extremely weak ADH activity ([Fig. 3](#fig0003){ref-type="fig"}B). We further investigated the biological effect of physiologically relevant concentrations (22 mM and 44 mM) of ethanol on CRC cells. Our study found that ethanol dose-independently promoted the migration/invasion and motility of SW480 and HCT116 cells, and this induction could not be further enhanced by 4-MP due to the already extremely weak ethanol metabolism in both cell lines ([Fig. 3](#fig0003){ref-type="fig"}C--E, Supplementary Fig. S2). The *in vivo* study revealed that ethanol dose-independently promoted the formation of tumour nodules in the lungs compared with the controls, which indicated that ethanol promotes the homing capacity of cancer cells ([Fig. 3](#fig0003){ref-type="fig"}F). Taken together, our findings demonstrate that ethanol plays an important role in promoting the migration/invasion of CRC cells.Fig. 3Ethanol itself directly promotes the aggressiveness of CRC cells. (A) Ultraviolet spectrophotometer assay of the activity of ADH in normal hepatic and colorectal cell lines as well as six CRC cell lines. (B) Ultraviolet spectrophotometer assay of the activity of ADH in normal epithelial and CRC cell lines. "4-MP" indicates 4-methylpyrazole. (C) A Transwell assay with Matrigel was used to investigate the invasion ability of CRC cells. The bars in the right panel reflect the means ± SEMs. (D) A Transwell assay without Matrigel was used to investigate the migration ability of CRC cells. The bars in the right panel reflect the means ± SEMs. (E) A wound-healing assay was used to investigate the motility of CRC cells. (E) Representative images from the mouse tail-vein assay. The bars in the right panel reflect the means ± SEMs; \**P \<* 0.05 and ^n.s^*P \>* 0.05 *vs* the control.Fig. 3

3.5. Ethanol, but not acetaldehyde, promotes epithelial-mesenchymal transition of CRC cells via the TGF-β/Smad/Snail axis {#sec0016}
-------------------------------------------------------------------------------------------------------------------------

Consistent with the results from studies of other diseases [@bib0020], [@bib0021], [@bib0022], [@bib0023], we found that ethanol dose-dependently promoted intracellular and extracellular TGF-β1 expression ([Fig. 4](#fig0004){ref-type="fig"}A and C). However, acetaldehyde intriguingly had the opposite effect on the expression of TGF-β1 ([Fig. 4](#fig0004){ref-type="fig"}B). Further study showed that ethanol significantly promoted the phosphorylation and nuclear localization of Smad2 ([Fig. 4](#fig0004){ref-type="fig"}C and D, Supplementary Fig. S3), which indicated the activation of TGF-β1/Smad signalling [@bib0024]. Interestingly, we found that SW480 and HCT116 cell lines exhibited significant higher levels of epithelial-mesenchymal transition (EMT) after treatment with ethanol at two different concentrations ([Fig. 4](#fig0004){ref-type="fig"}E). Moreover, consistent alteration of the EMT signature (E-cadherin, β-catenin, fibronectin, N-cadherin and vimentin) was also found in both cell lines ([Fig. 4](#fig0004){ref-type="fig"}C), which indicated that ethanol might enhance the aggressiveness of cancer cells by promoting EMT of CRC cells. Further study found that ethanol significantly promoted the expression of Snail ([Fig. 4](#fig0004){ref-type="fig"}C), an important downstream effector of TGF-β signalling and a trigger of EMT \[[@bib0025],[@bib0026]\]. In addition, the orthotopic xenograft CRC mouse model demonstrated that alcohol intake significantly increased the expression and nuclear location of phosphorylated-Smad2 *in vivo* ([Fig. 4](#fig0004){ref-type="fig"}F, Supplementary Videos 1 and 2). Taken together, the results indicated that the accumulation of ethanol, but not acetaldehyde, might be the primary reason accounting for the development and progression of alcohol-related CRC through the activation of TGF-β signalling.Fig. 4Ethanol itself promotes the epithelial-mesenchymal transition of CRC cells via the TGF-β/Smad/Snail axis. (A) An ELISA was used to detect the expression of extracellular TGF-β1 in cells treated with ethanol. (B) An ELISA was used to detect the expression of intracellular and extracellular TGF-β1 in cells treated with acetaldehyde. (C) Representative western blots for TGF-β signalling-associated proteins. The values under the membrane represent the expression of genes normalized to the expression of the reference gene GAPDH. "E-ca", "β-cat", "FN", "N-ca", and "Vim" indicate E-cadherin, β-catenin, fibronectin, N-cadherin and vimentin, respectively. (D) Immunofluorescence assay of p-Smad2 protein in ethanol-treated cells. Representative images are shown. The scale bars represent 7 μm. (E) Morphological observation of CRC cells treated with ethanol. (F) Immunofluorescence assay of p-Smad2 protein in ethanol-treated cells or samples from the orthotopic xenograft CRC mouse model. Representative images are shown. The scale bars represent 7 μm. \**P \<* 0.05 *vs* the control; ^\$^*P \<* 0.05 *vs* 200 EtOH.Fig. 4

3.6. TGF-β signalling plays a vital role in the ethanol-promoted aggressiveness of CRC cells {#sec0017}
--------------------------------------------------------------------------------------------

In this study, we used TGF-β1 small interfering RNA (siRNA) and a TGF-β/Smad signalling-specific inhibitor to confirm the role of TGF-β1 and TGF-β/Smad signalling in the ethanol-enhanced aggressiveness of CRC cells. The inhibition experiments revealed that decreasing the expression of TGF-β1 or blocking TGF-β/Smad signalling significantly eliminated the ethanol-promoted migration/invasion of CRC cells ([Fig. 5](#fig0005){ref-type="fig"}A and B, Supplementary Figs. S4A and S4B). Consistent changes were also obtained in the analyses of the alteration of the EMT signature (E-cadherin and vimentin) and TGF-β (phosphorylated-Smad2 and Snail) signalling ([Fig. 5](#fig0005){ref-type="fig"}C, Supplementary Fig. S4C). These findings strongly suggest that TGF-β1 plays a crucial role in the ethanol-enhanced aggressiveness of CRC cells via TGF-β/Smad signalling.Fig. 5TGF-β signalling plays a vital role in the ethanol-promoted aggressiveness of CRC cells. (A) A Transwell assay with Matrigel was used to investigate the invasive ability of CRC cells. (B) A Transwell assay without Matrigel was used to investigate the migrated ability of CRC cells. (C) Representative western blots for TGF-β signalling-associated proteins. The values under the membrane represent the expression of genes normalized to the expression of the reference gene GAPDH. "E-ca" and "Vim" indicate E-cadherin and vimentin, respectively. (D) A Transwell assay with Matrigel was used to investigate the invasive ability of CRC cells. (E) A wound-healing assay was used to investigate the motility of CRC cells. (F) Representative western blots for TGF-β signalling-associated proteins. The values under the membrane represent the expression of genes normalized to the expression of the reference gene GAPDH. "E-ca", "β-cat", "FN", "N-ca", and "Vim" indicate E-cadherin, β-catenin, fibronectin, N-cadherin and vimentin, respectively. (G) Immunofluorescence assay showing the expression of EMT-associated proteins in cells. Representative merged images are shown. The scale bars represent 10 μm. "PFD" indicates pirfenidone. \**P* \< 0.05 *vs* the control; ^\$^*P* \< 0.05 *vs* 200 EtOH.Fig. 5

Intriguingly, pirfenidone (PFD) is a newly developed clinical anti-fibrotic drug that targets TGF-β signalling [@bib0027], but recent studies revealed that this drug can significantly inhibit the metastasis of human lung carcinoma by reverting the EMT of cancer cells \[[@bib0028],[@bib0029]\]. However, its effects on CRC remain unknown. Thus, PFD was used in this study to determine its effect on CRC cells and the crucial role of ethanol-mediated TGF-β signalling in the aggressiveness of alcohol-related CRC. The results showed that PFD significantly decreased the phosphorylation and nuclear location of Smad2 in CRC cells (Supplementary Fig. S5A) and significantly inhibited the proliferation, migration/invasion and motility of CRC cells *in vitro* (Supplementary Figs. S5B--S5E). Further study revealed that PFD significantly eliminated the ethanol-promoted migration/invasion and motility of CRC cells *in vitro* ([Fig. 5](#fig0005){ref-type="fig"}D and E, Supplementary Figs. S6--S8). Consistent with these biological phenotypes, PFD also reversed the ethanol-mediated alteration of the EMT signature (E-cadherin, β-catenin, fibronectin, N-cadherin and vimentin) and TGF-β (phosphorylated-Smad2 and Snail) signalling ([Fig. 5](#fig0005){ref-type="fig"}F, Supplementary Fig. S9). Additional immunofluorescence assays revealed consistent alterations in the EMT signatures (E-cadherin and vimentin, [Fig. 5](#fig0005){ref-type="fig"}G, Supplementary Figs. S10 and S11). These findings not only further confirmed the important role of TGF-β signalling in the ethanol-enhanced aggressiveness of CRC cells but also revealed that PFD might be a novel therapeutic strategy for the management of CRC patients.

3.7. The ethanol-induced cytoplasmic mislocalization of RUNX3 further promotes the aggressiveness of CRC cells via EMT by targeting Snail {#sec0018}
-----------------------------------------------------------------------------------------------------------------------------------------

RUNX3 is a well-known cooperative factor for TGF-β signalling but acts as a tumour suppressor in the development and progression of multiple types of cancers (30, 31). Interestingly, our study found a significant absence of nuclear RUNX3 after treatment with different concentrations of ethanol ([Fig. 6](#fig0006){ref-type="fig"}A). Further immunoblot assays confirmed that ethanol significantly decreased the expression of RUNX3 in the nucleus but promoted its expression in the cytoplasm. In addition, an orthotopic xenograft CRC mouse model demonstrated that alcohol intake significantly induced the cytoplasmic mislocalization of RUNX3 in CRC cells *in vivo* ([Fig. 6](#fig0006){ref-type="fig"}C, Supplementary Videos 3 and 4). It is well known that the cytoplasmic mislocalization of RUNX3 could eliminate the RUNX3-mediated inhibition of tumour progression [@bib0032]. Therefore, the ethanol-mediated cytoplasmic mislocalization of RUNX3 might be an important mechanism accounting for the promotion of CRC metastasis.Fig. 6Alcohol induces the cytoplasmic mislocalization of RUNX3 *in vitro* and *in vivo*. (A) Immunofluorescence assay of RUNX3 protein in cells treated with ethanol. (B) Representative western blots for the cytoplasmic and nuclear expression of RUNX3. The values under the membrane represent the expression of genes normalized to the expression of the reference gene GAPDH or H3K4. "C-RUNX3" and "N-RUNX3" indicate cytoplasmic and nuclear RUNX3, respectively. (C) Immunofluorescence assay of RUNX3 protein in samples from the orthotopic xenograft CRC mouse model.Fig. 6

To clarify the role of RUNX3 in the metastasis of alcohol-related CRC, we recovered the nuclear expression of RUNX3 by constructing a RUNX3 vector with a nuclear localization sequence (NLS). Immunofluorescence and immunoblot assays were performed to confirm the transfection efficiency and nuclear localization of exogenous RUNX3 ([Fig. 7](#fig0007){ref-type="fig"}A and D). Further studies found that nuclear RUNX3 overexpression significantly eliminated the ethanol-induced promotion of the migration/invasion abilities of both cell lines ([Fig. 7](#fig0007){ref-type="fig"}B and C, Supplementary Figs. S13--S15). In addition, restoration of the nuclear expression of RUNX3 substantially reversed the ethanol-mediated alteration of Snail expression and the EMT signature. However, no significant difference in the expression of P21 was obtained after the restoration of nuclear RUNX3 expression ([Fig. 7](#fig0007){ref-type="fig"}D, Supplementary S16). P21 is another downstream effector of TGF-β signalling that is tightly associated with cancer cell proliferation and anticancer drug resistance by inducing cell-cycle arrest [@bib0033]. Taken together, the findings indicate that the ethanol-induced cytoplasmic mislocalization of RUNX3 further promotes the aggressiveness of CRC cells by targeting Snail.Fig. 7The ethanol-induced cytoplasmic mislocalization of RUNX3 further promotes the aggressiveness of CRC cells via EMT by targeting Snail. (A) Immunofluorescence assay of RUNX3 protein in cells transfected with the NLS-RUNX3 vector. (B) A Transwell assay with Matrigel was used to investigate the invasive ability of CRC cells treated with ethanol and/or NLS-RUNX3. (C) A wound-healing assay was used to investigate the motility of CRC cells treated with ethanol and/or NLS-RUNX3. (D) Representative western blots for TGF-β signalling-associated proteins. The values under the membrane represent the expression of genes normalized to the expression of the reference gene GAPDH or H3K4. "N-RUNX3", "E-ca", "βcat", "FN", "N-ca", and "Vim" indicate nuclear-RUNX3, E-cadherin, β-catenin, fibronectin, N-cadherin and vimentin, respectively. \**P* \< 0.05 *vs* the control; ^\$^*P* \< 0.05 *vs* 200 EtOH.Fig. 7

3.8. Ethanol induces the cytoplasmic mislocalization of RUNX3 by enhancing the dissociation of the p-Smad2/3-RUNX3 complex {#sec0019}
--------------------------------------------------------------------------------------------------------------------------

This study revealed that RUNX3 combines with the p-Smad2/3 complex to enter the nucleus and subsequently regulate the transcription of target genes [@bib0030]. Thus, we hypothesized that ethanol might induce the cytoplasmic localization of RUNX3 by promoting the dissociation of the phosphorylated-Smad2/3-RUNX3 and/or Smad2/3-RUNX3 complex. Immunofluorescence assays revealed that ethanol treatment significantly reduced the colocalization of RUNX3 and phosphorylated-Smad2 but not that of RUNX3 and Smad2 ([Figs. 8](#fig0008){ref-type="fig"}A and B). Additional coimmunoprecipitation (co-IP) assays also determined that ethanol significantly reduced the binding efficiency of RUNX3 and phosphorylated Smad2 without change that of RUNX3 and Smad2 ([Fig. 8](#fig0008){ref-type="fig"}C). These findings strongly suggest that ethanol induces the cytoplasmic localization of RUNX3 by promoting the dissociation of the phosphorylated-Smad2/3/RUNX3 complex.Fig. 8Ethanol induces RUNX3 cytoplasmic mislocalization by dissociating the p-Smad2/3/RUNX3 complex. (A, B) An immunofluorescence assay was performed to investigate the co-localization of RUNX3 and Smad2 or p-Smad2. Representative images are shown. "R^2^" indicates the Pearson correlation coefficient. The scale bars represent 10 μm. (C) Co-immunoprecipitation assay of RUNX3 and Smad2 or p-Smad2 in CRC cells treated with ethanol. Representative images are shown (left panel). The bars in the right panel indicate the expression of the genes normalized to the expression of Smad2 or p-Smad2 and the control groups. (D) Hypothetical model mechanism. \**P* \< 0.05 and ^NS^P \> 0.05 *vs* the control.Fig. 8

4. Discussion {#sec0020}
=============

Alcohol intake has generally been accepted as a common and legal lifestyle factor in many countries, particularly developed countries [@bib0034]. However, in 2012, based on a systematic review of evidence obtained from countries all over the world, the IARC drew the reliable conclusion that chronic and moderate to heavy alcohol intake is an important cause of cancer, including cancers of the oral cavity, pharynx, larynx, oesophagus, liver, colorectum and female breast [@bib0035]. Our study revealed that alcohol intake not only significantly increases the risk of CRC but also is tightly associated with tumour metastasis, which is the primary cause of the poor outcomes observed in most CRC patients \[[@bib0036],[@bib0037]\]. Although new effective indicators and detecting strategies for CRC have been developed over the past decade, the detection and diagnosis of CRC at an early stage remain difficult \[[@bib0010],[@bib0038]\]. Thus, it is possible that most CRC patients with chronic alcohol intake might continue drinking until significant symptoms and/or signs are detected. Further study confirmed that alcohol intake significantly promoted the migration/invasion of CRC cells via the ethanol-mediated TGF-β/RUNX3/Snail axis. Therefore, we hypothesized that alcohol intake not only increases the risk of CRC but also plays a vital role in accelerating its progression from early to advanced stages.

Ethanol and acetaldehyde are two major carcinogens associated with alcohol intake, and the effects of alcohol on the development and progression of CRC are primarily determined by the duration and extent of exposure in the colorectum [@bib0011], [@bib0012], [@bib0013]. Our study showed that most patients with alcohol-related CRC do not experience flushing syndrome after heavy alcohol intake, which indicates that their systemic level of acetaldehyde in the circulation and tissues was not substantially increased even after the consumption of a great amount of alcohol [@bib0019]. Because alcohol is absorbed rapidly from the gastrointestinal tract to the circulation system during ingestion [@bib0034], a patient with a heavy alcohol intake must have a notably high level of ethanol in his/her circulation after drinking, but the duration of this high level is determined by the capacity of the patient\'s body to break down alcohol [@bib0019]. In addition, most alcohol is absorbed into the circulation in the small intestine, and only some reaches the colorectum after ingestion [@bib0034]; thus, the ethanol level in colorectal tissue should be determined largely by the concentration of ethanol in the circulation. Taken together, the results indicated that an increased circulating level of ethanol in the colorectum is the major cause of the increased CRC incidence and metastasis detected in most patients with alcohol-related CRC.

The effects of ethanol on colorectal cells were determined mainly by the metabolic rates of ethanol and its byproduct acetaldehyde. In humans, ADHs and ALDHs are the major enzymes that break down ethanol and acetaldehyde, respectively [@bib0019]. Humans have seven ADHs, namely, ADH1A, ADH1B, ADH1C, ADH4, ADH5, ADH6 and ADH7. It has been well demonstrated that ADH1B, ADH1C and ADH4 are the key ADHs responsible for most of the breakdown of ethanol [@bib0019]. Because ADH4 is almost exclusively expressed in the liver [@bib0019], the ethanol metabolism in colorectal cells was primarily determined by the expression of ADH1B and ADH1C. Because the expression levels of both ADH1B and ADH1C were notably decreased in CRC compared with adjacent normal tissues, we hypothesized that almost all CRC patients exhibit an impaired ethanol metabolism. In addition, 18 enzymes in the ALDH superfamily are responsible for the maintenance of a non-toxic level of acetaldehyde in cells, and among these, ALDH2, ALDH1A1 and ALDH1B1 are the most relevant to acetaldehyde oxidation [@bib0039]. However, the rate of ethanol-derived acetaldehyde breakdown is mainly determined by the alteration of ALDH2 because both ALDH1A1 and ALDH1B1 contribute to acetaldehyde metabolism only in the absence of ALDH2 [@bib0019]. Interestingly, our study found a statistical difference in the expression of ALDH2 between CRC and adjacent normal tissues, but this difference was extremely low in absolute value. Therefore, we hypothesized the existence of a functional difference in the ethanol-derived acetaldehyde metabolism between CRC and adjacent normal tissues. Collectively, the results indicate that ethanol, but not acetaldehyde, might accumulate much easier in CRC cells compared with normal epithelial cells. Ethanol plays a vital role in the development and progression of CRC.

To investigate the mechanistic role of ethanol in the migration/invasion of CRC cells, we selected the SW480 and HCT116 cell lines, which have the lowest metabolic rate of ethanol, and used 4-MP to further slow the conversion of ethanol to acetaldehyde. However, no significant difference in the metabolic rate of ethanol and no biological changes were detected in either cell line. These findings suggest that the basal metabolic rate of ethanol might be extremely low in SW480 and HCT116 cells and that ethanol is the cause of the observed changes in CRC cells. Moreover, we surprisingly found that ethanol could significantly promote the expression and secretion of TGF-β1, whereas acetaldehyde exerted the opposite effects. It is well known that TGF-β1 is a vital ligand for the activation of TGF-β signalling [@bib0020], which plays an important role in the development and progression of cancers \[[@bib0040],[@bib0041]\]. This finding also suggested that ethanol might play a crucial role in CRC metastasis by activating TGF-β signalling. In addition, although the duration of the exposure of CRC cells to ethanol was notably shorter compared with that used in studies of breast cancer \[[@bib0017],[@bib0042]\], significant changes were also found in our study, which indicated that CRC cells might be highly sensitive to ethanol. Additional studies on CRC or other types of cancer are necessary to further investigate the role of ethanol itself in the development and progression of cancer.

Although previous studies have demonstrated that ethanol promotes the expression of TGF-β1, the underlying mechanism remain unclear [@bib0020], [@bib0021], [@bib0022], [@bib0023]. A recent study revealed that ethanol directly enhances the activation of TGF-β signalling by increasing the cell-surface and non-lipid raft microdomain localization of the type II TGF-β receptor [@bib0021]. Thus, ethanol might activate TGF-β signalling by enhancing the sensitivity of the TGF-β receptor to TGF-β1, which is already present in the tumour microenvironment and subsequently auto-induced in CRC cells. In contrast, it is well known that ethanol accumulation can significantly enhance oxidative stress in cells and thereby promote the expression of bioactive TGF-β1 \[[@bib0043],[@bib0044]\]. Thus, the ethanol/P450s/ROS axis might be another mechanism underlying the ethanol-induced increase in the expression of TGF-β1.

Previous studies have demonstrated that RUNX3 is an independent regulator of TGF-β signalling and acts as a tumour suppressor in a variety of cancers \[[@bib0031],[@bib0045], [@bib0046], [@bib0047], [@bib0048], [@bib0049]\]. Our investigation of the effects of ethanol on TGF-β signalling surprisingly revealed that ethanol dose-independently induced the cytoplasmic mislocalization of RUNX3, which is an important reason for the elimination of its suppressive effect on tumours [@bib0032]. Intriguingly, we found that the recruitment of nuclear RUNX3 significantly reversed the effects of ethanol on EMT and the migration/invasion of CRC cells by targeting Snail. However, no significant change was found in the expression of P21, another important gene downstream of TGF-β signalling [@bib0050]. These results suggested that the RUNX3-mediated regulation of the genes downstream of TGF-β signalling might be selective, and further studies are needed to investigate the underlying mechanism. In addition, because nuclear-localized RUNX3 plays a vital role in tumour suppression \[[@bib0051],[@bib0052]\], we hypothesized that the cytoplasmic mislocalization of RUNX3 is another important mechanism underlying the ethanol-induced development and progression of CRC.

It has been well established that RUNX3 combines with the phosphorylated-Smad2/3 (p-Smad2/3) complex and subsequently enters the nucleus to regulate the transcription of downstream genes [@bib0030]. Our study demonstrated that RUNX3 could combine with the Smad2/3 complex before its phosphorylation and that exposure to ethanol did not change the binding of RUNX3 with the Smad2/3/RUNX3 complex. However, the combination of RUNX3 with the p-Smad2/3 complex was significantly dissociated after ethanol exposure. Thus, it is possible that ethanol induces the cytoplasmic mislocalization of RUNX3 by dissociating the p-Smad2/3/RUNX3 complex, which might result from chemical reactions with ethanol or ROS. Further investigations are needed to clarify the mechanism underlying the ethanol-induced dissociation of the p-Smad2/3/RUNX3 complex.

PFD is an orally available anti-fibrotic drug that exerts significant anti-inflammatory and anti-fibrotic effects in many organs, including the lung, renal system, liver, heart, muscle and eye [@bib0053]. PFD regulates fibroblast proliferation and collagen synthesis mainly by inhibiting TGF-β signalling [@bib0054]. Intriguingly, recent studies have revealed that PFD has important effects on the treatment of cancers by blocking TGF-β signalling \[[@bib0027],[@bib0028]\]. Our studies also demonstrated that PFD significantly inhibited the aggressiveness of CRC cells. Because ethanol exerts crucial effects on tumour metastasis in CRC by activating TGF-β signalling, we consider PFD to be a novel therapeutic strategy for alcohol-related CRC.

In conclusion, our study highlights the effects of alcohol intake on promoting CRC metastasis via the ethanol-mediated TGF-β/RUNX3/Snail axis ([Fig. 9](#fig0009){ref-type="fig"}). Moreover, PFD might be a novel anticancer adjuvant therapy for CRC.Fig. 9Graphical abstract of this study. The colorectum of most patients with alcohol-related CRC is exposed to a high circulating level of ethanol after drinking, and CRC cells exhibit an extremely impaired ethanol metabolism. Ethanol itself enhances the migration/invasion of CRC by promoting EMT via the TGF-β/RUNX3/Snail axis. PFD might be a novel therapeutic strategy for the management of CRC by targeting TGF-β signalling.Fig. 9
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